ABSTRACT A predominantly plant-based diet reduces the risk for development of several chronic diseases. It is often assumed that antioxidants contribute to this protection, but results from intervention trials with single antioxidants administered as supplements quite consistently do not support any benefit. Because dietary plants contain several hundred different antioxidants, it would be useful to know the total concentration of electrondonating antioxidants (i.e., reductants) in individual items. Such data might be useful in the identification of the most beneficial dietary plants. We have assessed systematically total antioxidants in a variety of dietary plants used worldwide, including various fruits, berries, vegetables, cereals, nuts and pulses. When possible, we analyzed three or more samples of dietary plants from three different geographic regions in the world. Total antioxidants was assessed by the reduction of Fe 3ϩ to Fe 2ϩ (i.e., the FRAP assay), which occurred rapidly with all reductants with half-reaction reduction potentials above that of Fe 3ϩ /Fe 2ϩ . The values, therefore, expressed the corresponding concentration of electron-donating antioxidants. Our results demonstrated that there is more than a 1000-fold difference among total antioxidants in various dietary plants. Plants that contain most antioxidants included members of several families, such as Rosaceae (dog rose, sour cherry, blackberry, strawberry, raspberry), Empetraceae (crowberry), Ericaceae (blueberry), Grossulariaceae (black currant), Juglandaceae (walnut), Asteraceae (sunflower seed), Punicaceae (pomegranate) and Zingiberaceae (ginger). In a Norwegian diet, fruits, berries and cereals contributed 43.6%, 27.1% and 11.7%, respectively, of the total intake of plant antioxidants. Vegetables contributed only 8.9%. The systematic analysis presented here will facilitate research into the nutritional role of the combined effect of antioxidants in dietary plants. J. Nutr. 132: 461-471, 2002. 
A general consensus has been reached during the last few years that diet has a major role in the development of chronic diseases, such as cancer, coronary heart disease, obesity, diabetes type 2, hypertension and cataract (1) (2) (3) (4) (5) (6) (7) (8) (9) . This consensus suggests that a predominantly plant-based diet rich in fruits and vegetables, pulses and minimally processed starchy staple foods reduces the risk for development of these diseases significantly. The recommendations, which are mainly based on epidemiological studies are thus, that fruits, vegetables and less processed staple foods provide the best protection against the development of disease with little or no merit in recommending vitamin or other micronutrient supplements for disease prevention (1) (2) (3) (4) (5) (6) (7) (8) (9) . This is a safe principle that promises to provide for improved public health. However, these general recommendations avoid the issue of which dietary plants to eat. A large and remaining challenge, therefore, is to identify the most beneficial dietary plants. Furthermore, a complete understanding of etiologic pathways leading to chronic disease would include identification of the protective substances in the plants and the mechanisms by which they protect against disease development.
A common denominator in pathogenesis of most chronic diseases is the involvement of oxidative stress, related to the production by all aerobic organisms of reactive oxygen and nitrogen species, including free radicals (10 -15) . In addition to having a role in intra-and extracellular signaling, these reactive molecular species may initiate damaging biochemical reactions (14 -16) . In response to such damage, a complex antioxidant defense has developed, and dietary antioxidants comprise an important role in this defense (17) (18) (19) (20) .
Although it has often been assumed that antioxidants in dietary plants protect against oxidative stress-related diseases, results from intervention trials with single compounds such as vitamins E and C or ␤-carotene have not supported any protective effect (13, (17) (18) (19) (20) (21) (22) . Indeed, supplementation with ␤-carotene has resulted in adverse disease outcomes in clinical trials (23) (24) (25) (26) . One reason for the ineffective clinical trials could be that the protective effects of fruits and vegetables result from the action of lesser-known antioxidant compounds or from a concerted action of the cocktail of antioxidants present in foods. This would be in accordance with the observation that brussels sprouts, onion and tomatoes (27) (28) (29) (30) but not single antioxidants such as ␤-carotene, vitamins E, vitamin C or coenzyme Q 10 are able to reduce the excretion of biomarkers for free radical DNA damage in urine or lymphocytes in humans (18, 21, 22, 31, 32) .
A concerted action of a number of dietary antioxidants might also be expected from the exceedingly complex physical structure that makes up an individual. The human body, its tissues and organ, cells and macromolecules, consist of compartments with a range of physical variables, anatomical subdivisions and water-and lipid-soluble phases. Within these phases and at interfaces between phases, there will be numerous chemical variables such as pH, ionic strength, osmolality, electrical charge and chemical concentration. These variables will influence the ability of the phases to act as solvents for lipid-and water-soluble antioxidants. Because some watersoluble antioxidants have low partition coefficients into a lipid-soluble phase, their entry or retention in a water-soluble phase will be dependent upon their pKa and the pH gradient across the membrane. In addition, antioxidants with both hydrophobic and hydrophilic characteristics may be distributed between water-and lipid-soluble phases dependent upon the relative contribution and stereochemistry of hydrophobic and hydrophilic substitutions. Solubility is further modified when an antioxidant is conjugated or bound into more complex substances such as proteins.
One theoretical but likely possibility is, therefore, that antioxidants with different partition coefficients will recharge neighboring antioxidants in an integrated and complementary manner. Such interaction has been proven in vitro for ␣-tocopherol, ␣-tocotrienol, vitamin C, lipoic acid and thiols by Packer and colleagues (20) , but the concept could have much broader validity as suggested by Buettner (33) . This raises the prospect that a variety of antioxidants are necessary to maintain the proper redox status in a nonhomogeneous biological system. This would be similar to the coordinated reductionoxidation reactions that occur during the respiratory chain in mitochondria.
The amount of well-known antioxidants, such as ␣-tocopherol, vitamin C and ␤-carotene in dietary plants has been measured in detail. However, recent data may suggest that a relatively small part of the antioxidants in most dietary plants is contributed by the well-known antioxidants (34, 35) . Although it would be much simpler to test the protective effect of single or a limited number of antioxidants, we may never find such an association if it actually is the case that a number, maybe hundreds, of dietary antioxidants, such as carotenoids, polyphenolic acids, sulfides, flavonoids, lignans, etc., are bioactive and work synergistically. Thus, the total amount of electron-donating antioxidants (i.e., reductants) in the diet, derived from combinations of individual antioxidants that occur naturally in foods, may be a better concept than individual dietary antioxidants.
In previous studies, three methods have been used to assess the total antioxidant capacity of a few dietary plants. The 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) equivalent antioxidant capacity (TEAC) 3 assay of Miller et al. (36) , the ferric-reducing ability of plasma (FRAP) assay of Benzie and Strain (37) , and the oxygen radical absorbance capacity (ORAC) assay of DeLange and Glazer (38) and others (39) . The TEAC and the ORAC assay are based on the antioxidant's ability to react with or neutralize free radicals generated in the assay systems, whereas the FRAP assay measures the reduction of Fe 3ϩ (ferric iron) to Fe 2ϩ (ferrous iron) in the presence of antioxidants. Because the ferric-to-ferrous iron reduction occurs rapidly with all reductants with halfreaction reduction potentials above that of Fe 3ϩ /Fe 2ϩ , the values in the FRAP assay will express the corresponding concentration of electron-donating antioxidants.
We elected to use the FRAP analysis for several reasons. The FRAP assay is the only assay that directly measures antioxidants or reductants in a sample. The other assays are more indirect because they measure the inhibition of reactive species (free radicals) generated in the reaction mixture, and these results also depend strongly on the type of reactive species used. The FRAP assay, in contrast, uses antioxidants as reductants in a redox-linked colorimetric reaction. Furthermore, the other assays, but not the FRAP assay, use a lag phase type of measurement. This has been difficult to standardize in previous experiments and has generated varying results among different laboratories. In the FRAP assay, pretreatment is not required, stoichiometric factors are constant and linearity is maintained over a wide range. One possible disadvantage with the FRAP assay is the fact that this assay does not react with thiols, because the reduction potential for thiols generally are below that of the Fe 3ϩ /Fe 2ϩ half-reaction. However, because only limited amounts of plant glutathione are absorbed by humans (40) , and almost no other antioxidant thiols are present in dietary plants (one exception is garlic, see below), the FRAP method may be suitable for assessment of total antioxidants in plants.
In this study, we assessed systematically the concentration of total antioxidants by the FRAP assay, expressed as the combined concentrations of all electron-donating reductants, in a variety of dietary plants. These data, together with further studies on bioavailability as well as effect of processing, will greatly expand the potential for assessment of dietary intake of total antioxidants, and their relationships to pathologic processes. Automated FRAP assay. The FRAP assay was used to measure the concentration of total antioxidants. FRAP was determined in extracts by the method of Benzie and Strain (37) , with the exception that the sample was not diluted with water in the assay. A Technicon RA 1000 system (Technicon Instruments Corporation, New York, NY) was used for the measurements of absorption changes that appear when the TPTZ-Fe 3ϩ complex reduces to the TPTZ-Fe 2ϩ form in the presence of antioxidants. An intense blue color with absorption maximum at 593 nm develops. The measurements were performed at 600 nm. An aqueous solution of 1000 mol/L FeSO 4 ϫ 7 H 2 O was used for calibration of the instrument.
METHODS

Reagents
Sample preparation. Dietary plants were identified and classified according to standard botanic nomenclature (41) (42) (43) . Samples of different commercially available dietary plants were either obtained from grocery stores or market places in several countries (see tables for details). Some items were also grown at the Agricultural University of Norway (Ås, Norway). Wild berries were picked in the loca-tion indicated in the tables. All the dietary plants were analyzed directly, stored at 4°C for a few days or frozen at Ϫ20°C before analysis.
Dry samples like cereal grains were pulverized, 0.1-0.2 g was weighed out, and 1 mL of water was added. Solid samples of fruit and vegetables were chopped up in a food processor together with a certain amount of water to obtain a proper viscosity for pipetting. Methanol (9 mL) was added to 1 mL of this homogenate, and the samples were mixed and sonicated on a water bath at 0°C for 15 min. Three samples of 1.5 mL were centrifuged at 12,402 ϫ g for 2 min at 4°C. The concentration of total antioxidants was measured in triplicates of the supernatant.
Validation of the FRAP analysis. The linearity of the method was investigated with standard solutions of FeSO 4 ϫ 7H 2 O and vitamin C diluted in water and in methanol, Trolox diluted in methanol, and ␣-tocopherol diluted in methanol and in 2-propanol. The concentrations used were between 10 and 3000 mol/L. All concentrations were used for determination of linearity for FeSO 4 ϫ 7H 2 O in water and methanol, the six lowest concentrations were used for ␣-tocopherol in methanol and 2-propanol, and the five lowest concentrations were used for vitamin C in water and in methanol and for Trolox in methanol. The concentrations were chosen to give an absorbance value of 1.7 corresponding to a FRAP value of 3000 mol/L, which was the linear range according to the instrument manual. The correlation coefficients ranged from 1.00 to 0.998.
The within-day repeatability measured as relative standard deviations (RSD%) ranged from 0.4% to 6%. The concentrations examined were 500 mol/L (n ϭ 6) and 1500 mol/L (n ϭ 6) for all solutions, and in addition, 3000 mol/L (n ϭ 6) for the FeSO 4 solutions. The between-day repeatability was tested for FeSO 4 in water and for ␣-tocopherol in methanol and in 2-propanol. The same iron solution was measured for 8 d, and the same ␣-tocopherol solutions were measured for 7 d. The RSD percentages were Ͻ3 for all samples at all concentrations tested.
Different antioxidants in different solvents (vitamin C in water, methanol and methanol:2-propanol (1 ϩ 1); quercetin in methanol and 2-propanol; ␣-tocopherol in methanol, ethanol and 2-propanol; and myricetin in methanol), but at equal molar concentrations gave the same FRAP value. Thus, these solvents did not influence the examined antioxidants. It was also tested if different antioxidants in a mixture were additive. The results from the sum of single analyses of each antioxidant corresponded very well with the FRAP values found in a mixture of the same antioxidants (both in the same and in a mixture of solvents).
Statistics. Samples A, B and C in the tables represent separate samples of the same dietary plant obtained from different sources such as geographical location or manufacturer. The number of items analyzed is also indicated in the tables. The variation in the FRAP values for replicate items obtained from the same source were typically between 3 and 10 RSD percentages. Occasionally, some items had larger variation. In such cases, the FRAP values were confirmed by reanalysis.
The Pearson product-moment correlation coefficients were calculated by the Microsoft Excel software (Microsoft Corporation, Redmond, WA) for the relationship between total antioxidants in dietary plants as determined in this study and the published values, which have used other methods for assessing total antioxidant activities. To calculate the sources of plant antioxidants in the Norwegian diet we used data from the Household Budget Survey performed by the National Statistics Office. The recording period for food purchases was 2 wk, evenly distributed throughout the year (44).
RESULTS
We systematically assessed total antioxidants in a variety of dietary plants used worldwide, including various fruits, berries, vegetables, cereals, nuts and pulses. When possible, we analyzed triplicate samples or more of dietary plants from three different geographic regions of the world. If not stated otherwise in the table legend, we analyzed the whole edible portion of the fresh items. When analyzing one particular dietary plant from one geographical location, the relative SD in one sampling was typically below 10% and was always below 15%. The antioxidant concentrations of dietary plants sampled from different geographical regions were often, however, much larger. This variation in antioxidant content was probably related to the fact that different botanic variants are used but also to different cultivation conditions, extraction rates and storage conditions.
Total antioxidant content of cereals. Wholemeal flours of barley, common millet and oats contained the most antioxidants (1.09 -0.59 mmol/100 g) among the cereals ( Table 1) . White flour from corn maize contained most among the white flours, followed by barley, oats and common millet. White flour contained between 23% and 54% of the antioxidant contents of wholemeal of the various cereals. Notably, white flour of wheat and grains of rice contained only 0.13 and 0.17 mmol/100 g, respectively. For some cereals, the antioxidant concentrations varied much between samplings from different geographical regions: milled white rice from United States and Mali contained 0.14 and 0.02 mmol/100 g, respectively. White flour of rice from Thailand was also exceptionally low (0.02 mmol/100 g). There are additional plants that because of their use often are grouped with the cereals, although they are botanically different (41) . These (e.g., buckwheat) are often called pseudo-cereals. Wholemeal flour of the pseudo-cereal buckwheat contained 1.99 mmol antioxidants per 100 g, which is more than any of the cereals.
Total antioxidant content of roots and tubers. Roots and tubers were variable in their content of antioxidants ( Table 2) . Ginger and red beets contained very high concentrations, 3.85 and 1.98 mmol/100 g, respectively. Blue potatoes (Solanum andigenum) contained 0.80 mmol/100 g, while white potatoes (Solanum tuberosum) contained 0.09 mmol/100 g. Sweet potatoes (Ipomoea batatas), which belong to another botanical family, contained 0.24 mmol antioxidants per 100 g. Interestingly, carrots had the lowest antioxidant content of all the roots and tubers analyzed (i.e., 0.04 mmol/100 g). Antioxidant content in carrots from Mali was only 0.01 mmol/100 g, which is the lowest value detected in all the dietary plants analyzed.
Total antioxidant content of vegetables. There was also a large variation in antioxidant content of vegetables (Table 3) . Vegetables, such as kale, chili pepper, red cabbage, pepper, parsley, artichoke, brussels sprouts and spinach, contained concentrations ranging from 0.98 to 2.65 mmol/100 g. The vegetables endive, cabbage, squash, fennel, cucumber and zucchini contained, however, only between 0.02 and 0.10 mmol/ 100 g. Thus, antioxidant content of vegetables varied more that 100-fold. Large variation was also seen within a particular botanical family such as the Brassicaceae. Members of this family, i.e., kale, red cabbage, brussels sprouts, broccoli, savoy cabbage, radish, cauliflower and cabbage, contained 2.34, 1.88, 1.14, 0.58, 0.40, 0.40, 0.18 and 0.09 mmol/100 g, respectively.
Total antioxidant content of fruits. Analyses of fruits demonstrated that pomegranate contained very high concentrations of antioxidants, i.e., 11.33 mmol/100 g ( Table 4 ). Other fruits with high antioxidant content included grape, orange, plum, pineapple, lemon, date, kiwi, clementine and grapefruit, which contained between 0.83 and 1.43 mmol antioxidants per 100 g. The fruits pear, plantain and various varieties of melon contained only between 0.04 and 0.18 mmol/100 g. Notably, most members of the citrus family (Rutaceae) contained high amounts of antioxidants: orange, lemon, clementine, grapefruit and lime contained 1.14, 1.02, 0.90, 0.83 and 0.73 mmol/100 g, respectively.
Total antioxidant content of berries. The dietary plants grouped as berries (i.e., various small fruits) contained most of the high antioxidant dietary plants analyzed (Table 5) . Dog rose was exceptionally high and contained ϳ40 mmol antioxidants per 100 g. A number of other berries also contained very high concentrations. These included crowberry, wild blueberry, black currant, sour cherry, wild blackberry, wild strawberry, cultivated blackberry and cowberry/cranberry, which all contained between 5.03 and 9.17 mmol/100 g. The cultivated varieties of blueberry and strawberry also contained high antioxidant concentrations, i.e., 3.64 and 2.17 mmol/100 g, respectively. The rose family (Rosaceae) contained many members with very high concentrations, such as dog rose, sour cherry, blackberry, strawberry, raspberry, cloudberry and rowanberry.
Total antioxidant content of pulses. Pulses, which all are members of the Fabaceae family, also contained quite variable amounts of antioxidants. Broad beans, pinto beans, ground nut and soybeans contained relatively high concentrations of antioxidants (between 0.82 and 1.86 mmol antioxidants per 100 g), whereas pulses such as mung beans, chickpeas and garden peas contained less (between 0.12 and 0.35 mmol antioxidants per 100 g; Table 6 ).
Total antioxidant content of nuts, seeds and dried fruits. Walnuts contained Ͼ20 mmol antioxidants per 100 g, that is, they are second to dog rose in antioxidant content of all the dietary plants analyzed in this study ( Table 7) . Interestingly, sunflower seeds, too, contained very high concentrations of antioxidants (i.e., 5.39 mmol/100 g). Hazelnuts, almonds and cashew nuts contained only low concentrations (between 0.23 and 0.49 mmol/100 g). Of the dried fruits analyzed, apricots and prunes contained most antioxidants, 3.24 and 2.60 mmol/ 100 g, respectively (Table 8) . Interestingly, the antioxidant values of raisins were much lower than the values for grapes. Sources of plant antioxidants in the Norwegian diet. We also used our data to calculate the sources of plant antioxidants in the Norwegian diet. Based on the Household Budget Survey performed by the National Statistics Office (44), it appears that the total intake of antioxidants from dietary plants equals ϳ0.21 mmol per day. Fruits, berries, cereals, vegetables, roots, dried fruits and pulses contribute 43.6, 27.1, 11.7, 8.9, 7.0, 1.5 and 0.2%, respectively, of the total intake of antioxidants per day.
DISCUSSION
The present systematic analyses of a large number of dietary plants, mostly represented by items collected from three different geographical locations in the world, demonstrated that there is more than a 1000-fold difference between total antioxidants in various dietary plants. There were also large differences within each food group. The following dietary plants all contained Ͼ5.00 mmol total antioxidants per 100 g wet weight (in ranked order): dog rose, walnuts, pomegranates, crowberry, wild blueberry/bilberry, blackberry, sour cherry, wild blackberry, wild strawberry, sunflower seed, cultivated blackberry and cowberry/cranberry.
The cereals containing most antioxidants included barley, common millet, maize and oats. Notably, polished rice and refined wheat, which are the main cereals eaten by humans globally (1,41) , are among the cereals with the lowest content of antioxidants. In contrast, common millet and sorghum, which are important in particular regions in sub-Saharan Africa, South America and Asia (1,41), contained medium to high concentrations of antioxidants. Refining of all cereals results in substantial loss of FRAP activity.
A vegetable is any part of a plant not involved in the sexual reproduction of the plant. However, some botanically classified fruits, such as avocados, cucumbers, aubergines (eggplants), peppers, tomatoes and zucchini, are also treated as vegetables because of the culinary uses. Our analysis demonstrated that many vegetables, such as kale, chili pepper, red cabbage, pepper, parsley, artichoke, brussels sprouts and spinach, are also good sources of antioxidants. Vegetables contribute 8.9% of the total plant antioxidants in a Norwegian diet.
Fruits, which here exclude fruit vegetables and berries, also varied greatly in total antioxidant content. Fruits with the highest concentrations of antioxidants include pomegranate, grape, orange, plum, pineapple, lemon, date, kiwi, clementine and grapefruit. Fruits contribute 43.6% of the total plant antioxidants in a Norwegian diet. Orange and grapes are the most important sources among the fruits eaten in Norway.
Berries contained most of the high antioxidant dietary plants analyzed. Dog rose was exceptionally high, whereas other berries, including crowberry, wild blueberry, black currant, sour cherry, wild blackberry, wild strawberry, cultivated blackberry and cowberry/cranberry, also contained very high concentrations. Berries contribute 27.1% of the total plant antioxidants in a Norwegian diet. Strawberry, black currant and cranberry are the most important sources among the berries.
Of the dried fruits analyzed, apricots and prunes contained most antioxidants, 3.24 and 2.60 mmol/100 g, respectively. These values were two to six times the antioxidant values of the corresponding fresh fruits, suggesting that antioxidants are relatively stable during the drying procedure used to produce these products. Dried figs contained about the same antioxidant concentrations as fresh figs. The antioxidant values of raisins were, however, much lower than the values for grapes, suggesting that antioxidants are lost during the drying procedure of this particular fruit. An alternative explanation could be that grape varieties with low concentrations of antioxidants are selectively used in raisin production. An interesting feature that may be derived from our data is that the proportion of total antioxidants contributed by specific antioxidants, such as vitamin C, ␣-tocopherol, ␣-carotene, ␤-carotene, lutein, zeaxanthin and lycopene, is quite variable. Although these antioxidants combined contributed Ͻ25% of the FRAP values in most dietary plants, there are a few exceptions. One such exception is the carrot. Literature values for the five major carotenoids (␣-carotene, ␤-carotene, lutein, zeaxanthin and lycopene) combined in carrots are ϳ120 mg/100 g (45) , which corresponds to a FRAP value of 0.04 mmol/100 g. Because the actual FRAP concentration measured in carrots is 0.04 mmol/100 g (see Table 3 ), most of the antioxidants in carrots are apparently contributed by these five carotenoids. Another exception is kiwi, which typically contains ϳ0.4 mmol/100 g of vitamin C (46), which corresponds to a FRAP value of 0.8 mmol/100 g. Because our measured FRAP value for kiwi is 0.91 mmol/L, vitamin C apparently contributes most to the antioxidants in kiwi.
Three small-scale analyses of total antioxidants in dietary plants have been performed previously. By using the ORAC assay, Cao et al. (47) analyzed 22 vegetables and identified most antioxidants in garlic, followed by kale, spinach, brussels (50) and our FRAP-based data were 0.468. Thus, it appears that care should be taken when using free radicals as the basis for generating an antioxidant activity, because the activity is very dependent on the specific free radical used (47). One should use different free radicals and calculate an antioxidant score as done by Cao et al. (47) or one should preferably use the FRAP assay, which is based on a much less selective reduction.
More data are needed on bioavailability and bioactivity, as well as the effect of processing and storage of the compounds identified in these assays. These assays represent, however, a first crucial step that should be followed up in future studies aiming at elucidating their function in the human body.
It is unlikely that antioxidants in dietary plants may explain all of the protective effect against oxidative stress-related chronic diseases. One additional defense mechanism that has been suggested involves the induction of detoxification enzymes, including members of the glutathione S-transferase family and NAD(P)H:quinone reductase (quinone reductase) To summarize, our results demonstrated that there is more than a 1000-fold difference between total antioxidants in various dietary plants. Plants that contain most antioxidants included members of several families, such as Rocaceae (dog rose, sour cherry, blackberry, strawberry, raspberry), Empetraceae (crowberry), Ericaceae (blueberry), Grossulariaceae 3 The number of items analyzed is indicated in parentheses. 2 The number of items analyzed is indicated in parentheses.
(black currant), Juglandaceae (walnut), Asteraceae (sunflower seed), Punicaceae (pomegranate) and Zingiberaceae (ginger).
With the data of this report, it is possible for the first time to make a comprehensive calculation of the total intake of antioxidants by an individual and to test the hypothesis that total dietary antioxidants have a protective role in oxidative stressrelated pathogenesis. 
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